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Abstract 
When water and entrapped gas co-exist in pore spaces of a geological medium, a water film is formed on grain 
surfaces, which potentially influences chemical reaction and mass transport. We developed a model to estimate the 
film thickness in a geological medium using a concept of disjoining pressure associated with the electric double layer 
repulsion force and van der Waals force. The model indicates that the thickness of the water film associated with the 
occurrence of gas entrapment is controlled by the diameter of pore (the diameter of meniscus), and that larger pores 
have thicker water films. Examples of the relationship between pore size distribution and film thickness are shown. 
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1. Introduction 
When water infiltrates into a dry or partially saturated geological medium, some of gas is confined by 
water and remains in pore spaces. Such gas, often referred to as “entrapped gas”, is known to influence 
the permeability of geological media (e.g., [1]) and is becoming an effective mechanism in the storage of 
CO2 in aquifers. Previous experimental study using a sand column [2] has proposed that a water film 
exists between trapped fluid and mineral grains. Experimental observations have shown that the 
dissolution and growth occur within the water film adsorbed on the mineral surfaces (e.g., calcite [3]). 
From these results, it is inferred that water films play an important role in the dissolution and precipitation 
of minerals and the mass transport in geological media under the presence of entrapped gas. Since the 
mass transport in a water film is expected to be influenced by the thickness of the film, estimation of the 
film thickness is important. 
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Fig. 1. (a) Schematic of pore spaces where water and entrapped gas co-exist. Grain surfaces are coated with water 
films. Schematic of electric double layer (EDL) near negatively charged solid surface for semi-finite system (b). In 
water film (c), EDL is compressed and thereby the disjoining pressure arises. (d) Water film thickness vs. disjoining 
pressure ( Π ) and its electrostatic ( eΠ ) and molecular ( mΠ ) components, calculated for quartz–water–air system 
( svlA  = −1.3 × 10−20 J [9]) at 25°C. 
The relationship between film thickness and the pressure in the film associated with electric double 
layer and van der Waals forces have been theoretically considered on the basis of Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory (e.g., [4]). Recent studies have applied the DLVO theory for predicting 
the film thickness in geological media under the condition that gas is connected to atmosphere but not 
trapped in pores (e.g., [5–7]). Such situation usually occurs after water drainage events, including the 
drying of pore water and the injection of gas into water-bearing media. On the other hand, to our 
knowledge, no previous work has addressed the thickness of the water film under the condition that gas is 
trapped in pores. In this study, we focus on the water film present between minerals and entrapped gas, 
and try to evaluate the water film thickness based on the DLVO theory.  
2. Model to predict thickness of water film between grain surfaces and entrapped gas 
To estimate the thickness of water film by applying the DLVO theory, we assume that the water film 
between mineral grain and entrapped gas is in equilibrium with the water vapor in the gas. The vapor 
pressure depends on the curvature of the meniscus formed at the interface between gas and water (Fig. 
1a). Assuming that the curvature is equivalent to the pore radius 2pored  (m), the relative vapor pressure 
p / satp  in the gas can be related to pored  using the Kelvin equation: 
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where R  is the gas constant (J K−1 mol−1), T  is the absolute temperature (K), wV  is the molar volume of 
water (m3 mol−1), p  is the vapor pressure in the entrapped gas (Pa), satp  is the saturated vapor pressure 
(Pa), RH  is the relative humidity (%), and γ  is the water-gas interfacial tension (N m−1). Based on 
equation 1, p / satp  in the entrapped gas is less than 1 (i.e., RH  < 100%) and the degree of deviation of 
p  from satp  depends on pored . 
The water film on a solid surface is subject to a force perpendicular to the plane of the film as it 
opposes film thinning, owing to the interfacial interactions between solid/water film/gas. The pressure 
due to this force is termed as disjoining pressure Π  (Pa) (e.g., [4]), and is a function of the film thickness 
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h  (m). Π  is obtained by the summation of interaction forces, usually electrostatic, van der Waals, and 
structural forces [4]: ( ) ( ) ( ) ( )hhhh sme Π+Π+ΠΠ = , where ( )heΠ , ( )hmΠ , and ( )hsΠ  are the electrostatic, 
molecular, and structural components, respectively. We consider only ( )heΠ  and ( )hmΠ  in the same way 
as the work of Tokunaga [6]. ( )heΠ  originates from the compression of the electric double layer into a 
confined space (compare Figs. 1b and 1c). To describe the film thickness for a low-concentration aqueous 
solution adsorbed on the surface with a high electrostatic potential, the following simple electric double 
layer model was developed by Langmuir [8]: 
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where rε  is the static relative permittivity of water, 0ε  is the permittivity of free space (C2 J−1 m−1), Bk  is 
the Boltzmann constant (J K−1), e  is the electron charge (C), and Z  is the ion valence. ( )hmΠ  is due to 
dipole-dipole interactions between solid/water/gas and is given by 
( ) 3
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where svlA  is the Hamaker constant for solid-vapor interactions through the intervening liquid. The range 
of the svlA  of some minerals reported in [6] is −6 × 10−21 – −5 × 10−20 J. Fig. 1d shows Π , eΠ , and mΠ  
as a function of h  for quartz-water-air system at 25°C. The thickness of water film, especially for >10 
nm, is mostly controlled by the electric double-layer force. When equilibrium is attained between water 
film and surrounding vapor, Π  is related to the relative vapor pressure [5]: 
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By combining equations 1–4, we have: 
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This equation shows that the film thickness for a given mineral and solution composition is controlled by 
the diameter of the pore in which gas is trapped.  
3. Results and Discussion 
A geological medium usually has pores of various sizes. This means that the thickness of water film 
also has variation, because of the existence of the h - pored  relationship (equation 5). To consider the 
variation of film thickness, we need the pore size distribution (PSD) of a geological medium of interest, 
which can be measured by the method such as mercury intrusion porosimetry. In this study we consider 
hypothetical pore size distributions (blue solid and dotted lines in Fig. 2). In addition, we need to know 
the pore sizes at which gas is trapped, which can be estimated either by theoretical calculation or by direct 
measurement of the size of entrapped gas [1]. As a theoretical approach, Parker and Lenhard [10] 
introduced an assumption that each size of pore entraps gas in proportion to its volume, in an attempt to  
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Fig. 2. Pore diameter (dpore) vs. water film thickness (h). 
predict relative hydraulic conductivities. This assumption was used in this study as a first approximation. 
The solid line (red) in Fig. 2 calculated by equation 5 is the relationship between film thickness and pore 
diameter for “quartz–dilute 1:1 aqueous solution ( Z  = 1)–air” system at 25°C, showing that larger pore 
has thicker film thickness. The range of the film thicknesses for a given geological medium can be 
determined by the range of the pore size, as is described as maxh  and minh  in Fig. 2. The broader the pore 
size distribution, the broader the range of the film thickness (compare cases 1 and 2 in Fig. 2). 
These results provide an insight into the role of water film in water-rock reaction. Because the 
efficiency of flushing of dissolved elements in a film will be lower in thinner film and thereby the 
concentration in the film will be subject to near the equilibrium concentration, the dissolution rate of the 
mineral coated with a water film will depend on pore diameter; the smaller the pores, the slower the 
dissolution rate. The model for estimating film thickness proposed in this study will be useful in 
considering the reaction and transport occurring in water film under the presence of entrapped gas.  
References 
[1] Nishiyama N, Yokoyama T, Takeuchi S. Size distributions of pore water and entrapped air during drying-infiltration processes 
of sandstone characterized by water-expulsion porosimetry. Water Resour Res 2012; 48: W09556. 
[2] Conrad SH, Wilson JL, Mason WR, Peplinski WJ. Visualization of residual organic liquid trapped in aquifers. Water Resour Res 
1992; 28: 467–78. 
[3] Stipp SLS, Gutmannsbauer W, Lehmann T. The dynamic nature of calcite surfaces in air. Am Minera 1996; 81: 1–8. 
[4] Derjaguin BV, Churaev NV. Structural component of disjoining pressure. J Colloid Interface Sci 1974; 49: 249–55. 
[5] Tuller M, Or D, Dudley LM. Adsorption and capillary condensation in porous media: liquid retention and interfacial 
configurations in angular pores. Water Resour Res 1999;35:1949–64. 
[6] Tokunaga TK. Physicochemical controls on adsorbed water film thickness in unsaturated geological media. Water Resour Res 
2011; 47: W08514. 
[7] Yokoyama T, Nakashima S, Murakami T, Mercury L, Kirino Y. Solute distribution in porous rhyolite as evaluated by sequential 
centrifugation. Appl Gechem 2011; 26: 1524–34. 
[8] Langmuir I. Repulsive forces between charged surfaces in water, and the cause of the Jones-Ray effect. Science 1938; 88: 430–2. 
[9] French RH. Origins and applications of London dispersion forces and Hamaker constants in ceramics. J Am Ceram Soc 2000; 
83: 2117–46. 
[10] Parker JC, Lenhard RJ. A model for hysteretic constitutive relations governing multiphase flow: 1. Saturation-pressure 
relations. Water Resour Res 1987; 23: 2187–96. 
